In Lamto (C6te d'Ivoire), the savanna is a patchy environment as far as soil is concerned: tree clumps and termite mounds lead to higher nutrient contents than in the surrounding savanna. Mature Borassus aethiopum (Mart.) specimens are tall palm trees dominating the community, with aerial parts located out of these nutrient-rich patches.
Introduction
Resource acquisition is a fundamental challenge for every living organism, particularly for plants because they are immobile (Harper, 1977) . Access to soil nutrients requires that plants explore their environment through elongation and ramification of their root system. When a nutrient rich patch is reached, root functioning may be altered to improve resource exploitation. This requires phenotypic plasticity, involving changes in the pattern of extension, ramification, dynamics, and physiology of the root system (Hutchings, 1988) . Soil exploration patterns have been described as "root foraging strategies", and have widely been studied through theoretical and experimental approaches. Yet, these experiments refer to situations where soil nutrient heterogeneity has been artificially created (Hutchings, 1988) and cannot really point out the impact of plant root foraging strategies for ecosystem functioning.
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Savannas are naturally very heterogeneous ecosystems, with low nutrient content in the bulk soil, considered to limit primary production (Bate, 1981) , but including nutrient rich patches under trees (Mordelet et al., 1993) or termites mounds (Abbadie et al., 1992a) . Consequently, they provide a relevant field situation to show peculiar root foraging strategies. The study aims to determine the foraging strategy of a palm tree, Borassus aethiopum (Mart.), the aerial parts of which are located outside of nutrient-rich patches. The palm root system was investigated in the nutrient-rich soil and in the surrounding savanna.
Study area
The study was conducted at the Tropical Ecology Station of Lamto, C6te d'Ivoire (6013'N, 5 o 02'W). Mean annual temperature is 27°C and rainfall averages 1200 mm ayear (data from Lamto Geophysical Station). The dry season occurs in December and January. Soils are ferralsols (FAO classsification) with 80-90% sand and a very low organic matter and nitrogen content (1% and 0.5% respectively).
Tree density increases along the catena, from grass savanna in bottomlands to savanna woodland on plateaus (Menaut and C6sar, 1982) . The intermediary savanna facies is the most widespread and was choosen for the study. This facies is made of small trees (up to 10 m), mainly gathered in clumps and scattered over a continuous grass layer. Both grass and tree layers are dominated by adult palm trees, Borassus aethiopum (Mart.) , up to 20 m tall and with a broad crown of palm leaves (about 5 m in diametre). They are excluded from tree clumps. This exclusion, clearly shown by field observations, is attributed to light limitation for seedlings. Their life span was assessed to be over 90 years (R. Vuattoux, pers. commun.).
The nutrient distribution was shown to be very patchy in this savanna. At the 10 to 100 m 2 scale, the nutrient enriched patches are located under clumps (Mordelet et al., 1993) and mounds (Abbadie et al., 1992a) . Clumps are considered to be favoured and maintained by fire (Hochberg et al., 1994; Menaut et al., 1990) and mounds are mainly attributed to termite activity.
Materials and methods
A total of 27 soil blocks were randomly excavated under 6 tree clumps (hereafter called the canopy situation), and 27 blocks outside the same clumps (open situation, 3 m outside the canopy edge). Most of the blocks were excavated to 60 cm depth because clumps and mounds induce nutrient enrichment mainly in the shallow soil layers; 6 of the 27 blocks were performed down to 120 cm in each situation. Soil blocks were excavated within a 20 cm x 20 cm frame, in 10-cm depth increments (in the first 10 cm, 0-5 and 5-10 cm were distinguished). This part of the study was performed from April 1989 to February 1990. Each month, both canopy and open situations of the same selected tree clumps were sampled. The selected tree clumps were made of three species, Bridelia ferruginea Benth., Crossopteryx febrifuga (Afzel. ex G. Don) Benth., Cussonia barteri Seeman and without any B. aethiopum (Mordelet and Menaut, 1995) .
In addition, 3 transects were chosen between a nutrient rich patch and the single closest adult palm. Two transects were sampled between a palm and a clump (12 m and 18 m long) and one transect between a palm and a mound (24 m long). For each stop along the transects, three soil samples were collected in order to account for lateral variability, systematically avoiding grass tufts to prevent a grass tuft effect on root density variations. Soil cores were extracted with an auger (7.15 cm in diameter) down to 60 cm in 10 cm increments. For each transect and for each depth, two additional cores were collected, in the open and canopy situations, respectively, to assess total soil nitrogen content. The roots were extracted by washing the soil samples on a 1 mm mesh sieve, then by floating to separate the roots from the remaining mineral particles, and finally dried. B. aethiopum roots, which are easy to identify due to their black rhizoderm and particular morphology, were manually extracted and then weighed. Roots were not sorted into size classes because the rhizoderm was often partly separated from the core of the root.
Total N content was measured by the Kjeldhal method (oxidation by sulfuric acid and liberation of amonium by steam distillation in the presence of excess NaOH and titration with HC1 using methylred indicator) with a Kjeltec Auto Analyser apparatus.
Statistical analyses were performed with SAS package. Root densities along the transects were submitted to the default bivariate interpolation method of G3GRID that compels the interpolated surface, drawn by GCONTOUR procedure (Fig. 2) , to pass precisely through data points (SAS, 1990a) . For each transect, the significance of the linear model, including the position and depth effects on root densities was assessed with GLM procedure. It uses the least square methcd to fit general linear models for unbalanced designs (SAS, 1990b) . Sums of square of type III have been used. The logarithm of the dependent variable (root density) has been used so that the residuals of the model could be considered independent from each other, and having a constant variance.
Results

B. aethiopum root densities, expressed in kg (roots)
m-3(soil), were significantly higher under the canopy than in the open situation (Fig. 1) , for all depths above 50 cm, except for the 0-5 cm layer (t test, p<0.05). Between 0 and 60 cm depth, their cumulative root phytomass was about 3 times higher under the canopy than in the open (328 g m -2 and 121 g m -2 respectively). Root densities increased with depth and reached a maximum between 30 and 50 cm and the profiles were not significantly different in canopy and in open situations.
B. aethiopum root distribution is quite similar for all transects (Fig. 2) . In the open palm roots were very scarce and only located in the deeper layers (below 30 cm), whereas they occurred throughout the profile under the clumps, the mound, and around palm tree bottoms. In agreement with the soil block data, root densities were higher under the tree clumps and the mounds than in the bulk savanna. This result is emphasized by a significant effect of the distance from the palm tree on each transect (Table 1 ) . However, the highest palm root densities occurred within a 2-3 m radius around palm tree bases. The mean total N content between 0-60 cm depth was (t test, p<0.05) higher under the tree clumps and the mounds than in open savanna (Fig. 3) . Total N content decreased with depth in both the open savanna and under the nutrient-rich patches.
Discussion
Both sampling procedures showed similar root density values. Moreover, they both exhibited higher root densities under heterogeneity sources (tree clumps and mounds) than in the bulk savanna. Because the blocks were randomly located both in canopy and open situations, the comparison between these situations points out that the high palm root densities were restricted to the clump area. Consequently, the high palm root densities observed under clumps and mounds can only result from the root proliferation of the studied palm or of another palm even farther away, and cannot result from an uniform distribution of their roots. Thus, the palm root system appears to be composed of three parts: a high density root part within 3 m of the B.
aethiopum base, an extensive low root density part radiating from the stem and leading to a high root density part under clumps and mounds.
The major feature, shared by clumps and termite mounds, was the high soil nitrogen content. The differences between canopy and open situation measured on the transects were consistent with previous results obtained in Lamto savanna on clumps (Mordelet et al., 1993) and termite mounds (Abbadie et al., 1992a) and showing high microbial activity resulting in a high availability of nitrogen. The proliferation of palm roots is clearly related to this improvement of soil nutrient status as shown by the high foraging index of the upper soil layers (Fig. lb) . Actually, fine rootlets, responsible for nutrient uptake, were partly lost by sieving, but a strong positive correlation can be assumed between fine rootlet and collected root densities. Consequently, root proliferation under clumps or termite mounds likely enhances nutrient uptake. Furthermore, the palm root foraging strategy results in both a large area prospected, and in a high efficiency of resource exploitation because high root densities only cccur in nutrient rich patches. This decreases the cost of nutrient uptake and could be of great importance for palms because the low soil nutrient content of the savanna was thought to limit primary production (Bate, 1981 ) . 
~" / '
~" "\ ~.i ~-" ..,-.?'-,: ..... ,'" 2  4  6  8  10  12  14  16  lg  20  22  24 Distance from the palm trunk (m)
Palm root density kg (root) m-3(soil) Figure 2 . Palm tree root iso-densities between 0 and 60 cm along transects between a nutrient rich patch (two tree clumps and one mound) and an adult palm. See text for explanations about the interpolation method Proliferation of roots in nutrient patches has widely been recognized in laboratory studies (Campbell et al., 1991a (Campbell et al., , 1991b Drew, 1975; Gersani and Sachs, 1992; Gross et al., 1993) , controled field experiments (Caldwell et al., 1991; Jackson et al., 1990; Pregitzer et al., 1993) , or theoretical models (Berntson, 1994; Oborny, 1994; Sutherland and Stillman, 1988) . These studies are based on artificially created heterogeneity and mainly deal with herbaceous plants, and are not relevant to draw conclusions at the ecosystem level. The present study provides results on a long-lived woody perennial under field conditions. The proliferation of its roots is likely to be a widespread phenomenon. In Lamto savanna, due to the spatial distribution of palm trees, clumps, and termite mounds, each adult palmexploiting large patches ranging from 10 to 100 m 2, 10 to 20 m away from their trunk -is likely to reach at least one nutrient patch, and conversely each nutrient patch is likely to be exploited by at least one palm tree.
Palm trees appear as a nutrient sink for clumps and mounds, especially for nitrogen, because they export nutrients from these patches to their roots and above-ground parts. Yet, the palm root foraging strategy strenghtens root agregation beneath the clumps where the highest tree root densities are also observed. This spatial concentration of living and dead roots could favour quick recycling of nitrogen derived from dead root mineralization and limit nutrient loss as has been shown on perennial tuft grass in Lamto savanna (Abbadie et al., 1992b) . In addition fine roots are likely to have a high turn-over in nutrient rich patches (Gross et al., 1993; Pregitzer et al., 1993) which should further enhance soil organic matter content. This overall process reinforces savanna spatial heterogeneity. Finally, this aggregative structure of underground vegetation could be crucial for nutrient dynamics and the efficiency of nutrient use at the ecosystem level. It could explain the high primary productivity of some ecosystems in spite of their low soil fertility. In fact, in a stable natural ecosystem such as Lamto, the primary productivity is not only controled by the pool of available nutrients. The actual soil fertility results both from a spatial concentration of assimilable nutrients and from the plants ability to exploit efficiently these nutrient rich patches, via their root foraging strategies. This could be of importance for savanna management.
